The identity, composition, and concentration of the total, free, esterified, and glycosidic sterol fractions were determined during germination of tobacco seeds. The total, free, and esterified sterols increased, with stigmasterol and campesterol accounting for most of the increase. Steryl glycosides decreased during germination, and stigmasteryl and sitosteryl glycosides showed the largest decrease. During germination, sitosterol was the major sterol in all fractions but stigmasterol and campesterol showed the greatest changes. The fatty acid composition of the steryl esters and acylated steryl glycosides most closely resembled the di-and triglycerides.
Four sterol forms have been isolated from higher plants; namely free sterol, steryl ester, steryl glycoside, and acylated steryl glycoside (2, 5, 11) . The physiological function of these various sterol forms have never been established. It has been postulated that the free sterols are an integral part of plant cell membranes (8, 15) , in a manner similar to cholesterol in mammalian membranes; and that these sterols may influence cell permeability (10, 11) . From in vitro enzyme studies with soybean seeds Hou et al. (12) have suggested that the steryl glycosides may serve in the storage of sterols. Least defined is the role of the steryl esters; however, analogous with the cholesteryl ester in animals, it might be possible that the steryl esters are involved in the transport of sterols.
A number of higher plants at various physiological stages have been analyzed for sterols in the hope of explaining the physiological functions of the different sterol forms (2, 5, 12, 13, 15, 16) ; however, these experiments have brought little success. If free sterols are an integral part of plant membranes and steryl glycosides are involved in the storage of sterols, then germinating seeds should increase in free sterols as a consequence of increased membrane and organelle production. and decrease in steryl glycosides with the utilization of the stored sterols. Only very limited information is available concerning sterol changes during germination. Ingram ' (16) . They examined the free and esterified sterol changes in 4-to 14-day-old corn seedlings. On a per seedling basis they found an increase in the free sterol content with seedling development; however, they did not isolate the steryl glycosides. Our study was undertaken to characterize the free, esterified, and glycosidic sterols during seed germination.
MATERIALS AND METHODS
Germination of Seeds. Tobacco seeds (Nicotiana tabacum L. var. Burley 21) were germinated on Whatman No. 3 filter paper in covered transparent plastic trays. Both ends of the filter paper were submerged in distilled water to insure constant moisture. Seeds were germinated at 27 C, relative humidity of 90 to 100% and a 14-hr day produced with coolwhite fluorescent lamps. By visual inspection seeds germinated uniformly, with radicle protrusion occurring between 2 and 2.5 days.
Chlorophyll Determination. Tobacco seedlings were homogenized with an Omni-Mixer in 80% (v/v) acetone and approximately 4 g of fine glass beads (0.05-0.45 mm). The acetone extract was centrifuged at 20,000g for 10 min. The supernatant was made to 100 ml with 80% acetone and the absorbancies were measured at 663, 645, and 480 nm with the Hitachi Perkin-Elmer 139 spectrophotometer. The chlorophyll concentration was determined from the nomogram of Kirk (17) . Changes in carotenoid content were estimated by correcting the absorbancy at 480 nm for contributions of chlorophyll using the equation derived by Kirk and Allen (18) .
Extraction and Fractionation of Sterols. Tobacco seedlings were homogenized in acetone with an Omni-Mixer for 5 min at full speed. Fine glass beads were added to facilitate homogenization. The resulting homogenate was extracted in a Soxhlet apparatus with acetone for 24 hr. The acetone extract was taken to dryness under reduced pressure, taken up in 50 ml of 95% ethanol and partitioned against an equal volume of nhexane. The partitioning was repeated three times and the n-hexane fractions were pooled. The n-hexane fraction contained the free sterols and steryl esters. The alcohol fraction contained the steryl glycosides. The free sterols and steryl esters were separated according to the method of Goodman (7) . To correct for any losses standard cholesterol-7a-'H (2 ,uc) and cholesteryl-4-'4C palmitate (0.01 ,tc) were added. The column (1.8 X 7 cm) was packed with 5 g of silica gel (70-325 mesh) as a slurry in n-hexane and the sterols were applied to the column as a solution in n-hexane. Serial elution was carried out as follows: 50 ml of n-hexane followed by 50 ml of 10% benzene in n-hexane (discarded), 100 ml of 40% benzene in n-hexane (steryl esters), 50 ml of benzene (discarded) and 100 ml of chloroform (free sterols). The steryl esters and steryl glycosides were hydrolyzed, extracted as described previously (2), and precipitated with digitonin (14) .
Analysis for total sterols was carried out by a modified method of Stedman and Rusaniwskyj (24) . A measured aliquot of acetone extract was taken to dryness and refluxed for 12 hr in 25 ml of 95% ethanol containing 0.13 ml H2SO. The mixture was cooled, 15 ml of 10% KOH in 95% ethanol were added and refluxed for 30 min. The hydrolysate was neutralized with dilute HCl, extracted three times with nhexane, and back washed twice with methanol.
The digitonide precipitates were dispersed with pyridine containing cholestane as the internal standard and quantitatively analyzed by gas chromatography (9) . The GLC' system consisted of an F & M model 402 gas chromatograph equipped with a flame ionization detector, effluent sample splitter and a Hewlett Packard integrator model 3370 A. The column was a 1.80 m U-shaped glass column packed with Anakrom ABS 80/90 mesh coated with 5% OV-101. Corrections were made for differences in detector response.
Extraction, Fractionation, and Analyses of Fatty Acids. Tobacco seedlings were homogenized and extracted with acetone as described above. Silica gel (2 g) was added and the extract was taken to dryness under reduced pressure, and transferred to a 5-g silica gel (70-325 mesh) column as outlined previously (2) . The serial elution was as follows (7): 50 ml of n-hexane and 50 ml of 10% benzene in n-hexane (discarded), 100 ml of 21% benzene in n-hexane (steryl esters), 50 ml of benzene followed by 100 ml of chloroform (triglycerides, partial glycerides, free sterols, free fatty acids), 100 ml of 2% methanol in chloroform (acylated steryl glycosides), and 100 ml of methanol (polar lipids). The benzene-chloroform fraction was taken to dryness under reduced pressure and the resultant oil was made up in a small volume of n-hexane and transferred to a 1 2-g Florisil column for further fractionation (3). The lipids were eluted as follows: 20 ml of n-hexane followed by 50 ml of 5% ether in n-hexane (discarded), 75 ml of 15% ether in n-hexane (triglyceride). 60 ml of 25% ether in n-hexane (free sterol), 60 ml of 50% ether in n-hexane (diglycerides), 75 ml of 2% methanol in ether (monoglycerides), and 75 ml of 4% acetic acid in ether (free fatty acids).
The methyl esters of the fatty acids were prepared by the boron trifloride-methanol method of Morrison and Smith (21 
RESULTS AND DISCUSSION
Tobacco seeds germinated uniformly, radicle protrusion occurring after 2.0 to 2.5 days. Chlorophyll and carotenoid synthesis began after approximately 2 to 3 days of germination and increased rapidly through the 6th day at which time there was a decline (Fig. 1) .
Germinating tobacco seeds were analyzed by GLC and four major peaks were found which corresponded to authentic stigmasterol. sitosterol, campesterol, and cholesterol. The above four GLC peaks were collected and analyzed by mass spectrometry. The mass-to-charge or m/e values corresponded to those obtained with the corresponding authentic sterol and I Abbreviation. GLC: gas-liquid chromatography.
the published data by Knight (20) . Therefore, germinating tobacco seeds have the same 3-/3-sterols as reported for mature tobacco leaves (8, 14) ; however, the quantitative composition was quite different.
The total sterol content, as determined by the method of Stedman and Rusaniwskyj (24), was always slightly higher than the summation of free, esterified and glycosidic sterols (Figs.  2 and 3) . A similar observation has been reported for green and etiolated barley shoots (2) . During germination, tobacco seeds increased in the total sterols and this increase paralleled the increase in free sterols. The steryl esters also increased during this period but to a lesser extent. The steryl glycoside content was relatively low throughout the experimental period, and decreased during germination. The levels of free sterols reported here are much higher than those reported by Grunwald (8) in mature tobacco leaf tissue; however, the steryl esters and glycosides are of the same order of magnitude.
On a dry weight basis, the total stigmasterol and campesterol content increased with germination, while the sitosterol and cholesterol content remained fairly constant (Fig. 2) . During the early stages of germination stigmasterol accounted for 10 to 15% of the total sterol content, while after 6 days stigmasterol accounted for 30 to 35%. These changes in the total sterol composition were paralleled by similar changes in the free sterols (Fig. 3) . A number of physiological functions have been postulated for the free sterols (10). Ingram et al. (13) have found that stigmasterol was evident in Brassica napus only when flowering. Furthermore, it has been reported that floral induction in Xanthiu,ni pennsylvaniciurn (6) , Pliarbitlis nil (6, 22) , and Lolium7z temtiulentuinij (4) was suppressed with inhibitors of steroid biosynthesis. Bae and Mercer (l) reported that in Solanum andigena sterol changes occurred at the time of tuber formation. These observations have been interpreted to mean that steroids may serve as flower inducing or tuber forming plant hormones; however, this cannot be the case in the present experiments. Secondly, it has been suggested that free sterols stabilize the cellular membranes by interacting with the phospholipid (8, 10, 11, 15, 16) . If the latter hypothesis is correct then actively growing tissues, such as germinating seeds and developing seedlings, should accumulate free sterols as a result of increased membrane synthesis. The large increase in free sterol content during germination supports this hypothesis (Fig. 3A) .
Comparing the composition of the free, esterified and glycosidic sterol fraction shows quantitative differences, thus indicating that the various sterol forms are not in a simple equilibrium. The major free sterol was sitosterol. Stigmasterol, which was low initially, started to increase after 3 to 4 days of germination and after 7 days had increased to the point where it was approximately equal to the sitosterol content. The free campesterol and cholesterol content also doubled during this period. It is suggested that the large increase in free stigmasterol is a light stimulated process occurring in conjunction with the development of shoots, because the increase was concurrent with initiation of chlorophyll and carotenoid synthesis (Fig. l) . Further evidence in support of this suggestion is found in the reports that the free stigmasterol content increased with greening of etiolated barley shoots (2) . and was absent in dark grown barley roots (11) but is synthesized on exposure to light (Bush, unpublished data) . These data suggest that the biosynthesis of free stigmasterol can be stimulated by light, while the biosynthesis of stigmasteryl esters is light insensitive.
The major steryl ester was sitosterol and, with the exception of cholesterol, all steryl esters increased during germination (Fig. 3B) . The stigmasteryl ester content was very low prior to radicle protrusion, but increased thereafter. This pattern STEROL CHANGES DURING GERMINATION is unlike the free (Fig. 3A) and glycosidic sterols (Fig. 3C) , where stigmasterol was the second most important sterol. During the early stages of germination the stigmasteryl ester content was below that of the cholesteryl ester content. Steryl esters have been isolated from several higher plant tissues (2, 8, 15, 16) . It has been postulated that steryl esters might serve in sterol transport (16) . Goad (6) has alternatively suggested that the sterol esters might in some way be associated with the biosynthesis of phytosterols.
Steryl glycosides occur in acylated and nonacylated form. The steryl glycosides of germinating tobacco seeds constituted only a small fraction of the total sterol content and from preliminary experiments it was found that only about 20% of the steryl glycoside was in the acylated form. It was, therefore, not readily feasible to separate the acylated and nonacylated steryl glycosides. During germination sitosteryl and stigmasteryl glycosides decreased, while the glycosides of cholesterol and campesterol remained constant (Fig. 4C) . Information on the physiology of steryl glycosides is limited. Smith (23) has proposed that in Mycoplasmna carotenoids or sterols may serve as carriers in the transport of glucose. Alternatively, Hou et al. (12) have observed that the steryl glycosides accumulate during seed maturation and they proposed that in seeds the glycosides are a storage form for sterols. Present data (Fig.  3C) E . from 6-day-old tobacco seedlings is given in Table I . The major fatty acid in the steryl ester fraction was linoleic acid at 79.2%. Other fatty acids, in order of decreasing content, in this fraction were: palmitic acid (11.6%), oleic acid (7.4%) stearic acid (1.8%), and a trace of linolenic acid. Linoleic acid (32.2%) was also the major fatty acid in the acylated steryl glycoside fraction. Other fatty acids in this fraction were: palmitic acid (27.9%), oleic acid (16.0%), stearic acid (11.3%), arachidic acid (3.8%), linolenic acid (2.5%), and some higher fatty acids. The major free fatty acid, however, was palmitic acid (33.4%). Linoleic acid was the major fatty acid in the diglycerides (70.8%) and triglycerides (54.1%). Changes in the fatty acid composition of the steryl ester fraction during germination of tobacco seeds are presented in Figure 4 . Steryl linoleate was the major steryl ester and this ester increased slightly with germination. Change in the other steryl esters was only slight. Kemp and Mercer (15) have also reported that linoleic acid was the major fatty acid of the steryl ester fraction isolated from endosperm, scutellum, and root of corn. There is evidence that in rat liver the cholesteryl esters are constantly turning over and that the turnover rate is influenced by the fatty acid esters (19) . In tobacco seedlings the fatty acid composition of the steryl esters most closely approximated the fatty acid composition of the di-and triglycerides (Table I) . By analogy with the animal system, therefore, the phytosterol esters may be in a continuous state of change and their turnover may be influenced by the fatty acid esters.
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